The genotoxicity of two widely used drinking water disinfectants, sodium hypochlorite (NaClO) and chlorine dioxide (ClO 2 ), and a new disinfectant, peracetic acid (PAA, CH 3 -CO-COOH), was evaluated in three short-term plant tests: (1) induction of anaphase chromosome aberrations in the root cells of Allium cepa, (2) micronucleus induction in the root cells of Vicia faba, and (3) micronucleus induction in Tradescantia pollen cells. The study was carried out in the laboratory by directly exposing the plants to several concentrations of the disinfectants in redistilled water at unadjusted (acid) and adjusted (neutral) pHs. Both 0.1 and 0.2 mg/l NaClO induced chromosome aberrations in the Allium cepa test at acid pH, but concentrations up to 0.5 mg/l of all the disinfectants were negative at neutral pH. Concentrations ranging from 0.1 to 0.5 mg/l NaClO, ClO 2, and PAA induced micronuclei in Vicia faba at acid pH, while 1-2 mg/l NaClO and ClO 2 and 0.5-2 mg/l PAA gave positive responses at neutral pH. Most of concentrations of ClO 2 produced positive responses in the Tradescantia micronucleus test. In general, the highest levels of genotoxicity were observed under acid conditions; at acid pH, significant effects were induced by low concentrations of ClO 2 and PAA. Since the test concentrations of disinfectants are typical of those encountered in the biocidal treatment of tap water and similar concentrations are consumed daily by a large number of people, the genotoxicity of these compounds may constitute a significant public health concern. Environ. Mol. Mutagen. 46:96-103, 2005 . V
INTRODUCTION
Municipal drinking water is usually supplied by wells or by surface sources (rivers or lakes), which contain varying amounts of natural and anthropogenic organic compounds. Toxic compounds can be formed in finished drinking water by the constituents of the untreated water reacting with disinfectants used for water treatment, especially chlorine. Many of these disinfection by-products (DBPs) have been identified and are known to be mutagenic or carcinogenic in experimental models [WHO, 1996] . Epidemiological studies of populations using chlorinated drinking water obtained from surface sources have demonstrated some evidence for a cancer hazard [Ijsselmuiden et al., 1992; Morris, 1995; Doyle et al., 1997; Koivusalo et al., 1997] , in addition to the possibility of spontaneous abortion and other reproductive and developmental effects [Waller et al., 1998; Hwang and Jaakkola, 2003] .
Several monitoring studies have detected the presence of mutagenic activity in chlorinated drinking water, using bacterial mutagenicity tests [Alink, 1982; Meier, 1988; Galassi et al., 1989; Monarca et al., 1998 ]. The health hazards related to the mutagenicity of drinking water have also been the subject of epidemiological studies in Finland, in the United States, and in Taiwan, where an association between the mutagenicity of chlorinated drinking water and cancer of the urinary and gastrointestinal tract has been found [Koivusalo et al., 1994a,b; Koivusalo et al., 1995; Schenck et al., 1998; Tao et al., 1999] .
Drinking water is usually disinfected with the object of not only killing pathogenic microrganisms present in the raw water, but also maintaining small amounts of free disinfectant to prevent acquiring infectious waterborne dis-ease organisms during water distribution. Therefore, health hazards could result from chronic exposure to these free disinfectant residues. Chlorine, the most commonly used disinfectant, has in fact been found to be carcinogenic [Soffritti et al., 1997] , and sodium hypochlorite (NaClO) [Wlodkowski et al., 1975; Ishidate et al., 1988; Gauthier et al., 1989] and hydrogen peroxide (H 2 O 2 ) [Ishidate, 1988; Muller and Janz, 1993; Rueff et al., 1993] have displayed mutagenic activity in both in vitro and in vivo short-term tests.
Water samples have been successfully studied with short-term plant tests for chromosomal damage, such as the Allium cepa root anaphase aberration test (Allium cepa test), the Vicia faba root micronucleus (Vicia faba/MN) test, and the Tradescantia micronucleus (Trad/MCN) test. Anaphase aberrations are the first manifestation of the clastogenic/aneugenic effects of a genotoxic compound: anaphase disturbances, such as chromatin bridges, chromosome fragments, and lagging chromosomes, represent the generating events of micronuclei, which appear at the next interphase and arise from the exclusion of genetic material from daughter nuclei. Therefore, both these cytogenetic endpoints give a good measure of genotoxic effects, measuring both clastogenicity and aneugenicity.
Aqueous solutions of single compounds have been evaluated for genotoxicity in the laboratory, using the Trad/MCN test [Mohammed and Ma, 1999; Gong et al., 2003] , the Allium cepa test [Ateeq et al., 2002; Rank et al., 2002] , and the Vicia faba/MN test [De Marco et al., 1988 . Besides being useful for studies in the laboratory, these plant systems can be used for field experiments conducted in situ because they do not require concentration or purification of the samples before exposure. In situ studies have used the Trad/MCN test to detect genotoxicants in aquatic systems [Grant et al., 1992] , river water [Duan et al., 1999; Jiang et al., 1999] , and drinking water [Ma et al., 1985; Helma et al., 1994; Monarca et al., 1998 ], whereas the Vicia faba test has been employed in assays of river water [Rizzoni et al., 1995; Ji et al., 1999; Miao et al., 1999] and sediments [Rizzoni et al., 1995; Minissi and Lombi, 1997; Minissi et al., 1998 ]. The anaphase aberration test conducted in Allium cepa root tips has been used to study urban and industrial wastewater [Fiskesjo, 1985; Grover and Satwinderjeet, 1999; Monarca et al., 2000] , drinking water [Fiskesjo, 1981] , and fresh water [Smaka-Kincl et al., 1996] .
Disinfectant-treated surface water samples have been analyzed with these tests to study the genotoxicity associated with DBP formation. In particular, in situ studies have been carried out in river water disinfected continuously in a pilot plant with a new disinfectant, peracetic acid (PAA, CH 3 -CO-COOH), using the Trad/MCN test [Monarca et al., 2002] . Also, the genotoxicity of lake drinking-water disinfected in a pilot plant with two widely used biocides, chlorine dioxide (ClO 2 ) and NaClO, and with PAA has been evaluated using a battery of in vivo and in vitro tests [Monarca et al., 2003 [Monarca et al., , 2004 Buschini et al., 2004a] . The results indicate that the disinfected water is genotoxic in plants, molluscs, and fish. More recently, the genotoxicity specifically associated with the disinfectants was tested in human leukocytes, using the Comet assay, and in Saccharomyces cerevisiae. The three biocides were weakly genotoxic in the first test, although only doses higher than those usually encountered in drinking water were genotoxic in yeast [Buschini et al., 2004b] .
The present study is part of an inter-university research program to evaluate and reduce drinking water genotoxicity due to the formation of DBPs and to the presence of free disinfectants in drinking water. In this study, we evaluated the plant genotoxicity specifically associated with the widely used drinking water disinfectants, ClO 2 and NaClO. Moreover, we have studied the genotoxicity of the new disinfectant, PAA, up until now used only for wastewater disinfection [Baldry et al., 1995] , to examine its applicability for drinking water disinfection. These three disinfectants were tested in redistilled water in the absence of organic compounds and potential precursors of DBPs, using three in situ plant genotoxicity tests: the Allium cepa test, the Vicia faba/MN test, and the Trad/ MCN test. Because the pH of treated water varies with the source water, the possible effects of pH were also studied by comparing the results of plant exposures in buffered and unbuffered disinfectant solutions.
MATERIALS AND METHODS

Disinfectant Solutions
A commercial solution of sodium hypochlorite (14.5-15.5% NaClO) was obtained from Solvay Chimica Italia SpA (Rosignano, LI, Italy). A chlorine dioxide solution (0.98 g ClO 2 /l) was prepared by passing a stream of ClO 2 produced in a generator supplied by Sanipur Srl (Brescia, Italy) through redistilled water. A peracetic acid solution containing 15% PAA in equilibrium with 15% H 2 O 2 was supplied by Promox Srl (Leggiuno, VA, Italy). These disinfectant solutions were diluted in organic-free redistilled water (pH 5-6) and used at the concentrations specified later. Tests were performed at both unadjusted (acid) and neutral pH. The test solutions were neutralized by adding phosphate buffer solution to the water [APHA, 1998 ]. Control treatments were performed at the pHs measured for each test solution. Although all disinfectants acidified the solutions, the pHs of the unbuffered test solutions varied relative to the concentrations of each disinfectant (Table I) .
During preliminary experiments, residues of the disinfectants were monitored in the solutions every hour, by colorimetric methods. NaClO Since some reduction in the disinfectant concentrations was found after 2 hr of incubation, the plants were exposed to freshly prepared solutions every 2 hr. At the beginning of the plant exposures, each solution was tested for pH. Table I shows the pH values of the unbuffered (acid) solutions of the three disinfectants measured before plant exposures.
Plant Genotoxicity Tests
The different plant tests were conducted separately. The three disinfectants were tested together in single Allium cepa and Vicia faba assays. They were also assayed in separate Trad/MCN tests. Each disinfectant was assayed only once in each test.
Allium cepa Root Anaphase Aberration Assay (Allium cepa Test)
The assay was performed using 10 equal-sized young bulbs per sample of common Allium cepa [Grant, 1982; Fiskesjo, 1988, Rank and Nielsen, 1993] . The test concentrations for each disinfectant were 0.1, 0.2, and 0.5 mg/l at neutral and unadjusted (acid) pH. The bulbs were exposed to these concentrations for 6 hr after a 72 hr pre-germination period in redistilled water. After exposure, the roots were fixed in acetic acid and ethanol (1:3) for 24 hr and stored in 70% ethanol. One thousand cells per root from five roots (total of 5,000 cells/sample), were scored for mitotic index, as a measure of cellular division. Forty anaphases/root from 20 roots (2 roots/bulb) were scored for anaphase aberrations for a total of 800 anaphasic cells/sample. Anaphase chromosomal aberrations consisted of bridges and fragments, as DNA damage, and of laggards, multipolar anaphases, and c-mitosis, as mitotic spindle damage. Only anaphase/early telophase cells were scored as suggested by Rank and Nielsen [1997] . The results were expressed as the percentage of anaphase aberrations in 800 cells. Redistilled water at both pH (5.8 and 7.0) was used as the negative control. Ten milligrams per litre of maleic hydrazide was used as the positive control. Data analysis was performed by means of the w 2 test.
Vicia faba Micronucleus Test (Vicia faba/MN Test)
The micronucleus test was performed in the secondary root tips of Vicia faba according to standard protocols [Degrassi and Rizzoni, 1982] . After germination of the seeds in Hoagland's solution, secondary roots of Vicia faba were exposed in the dark to 0.1, 0.2, and 0.5 mg/l of the disinfectants in redistilled water. The pH values of the test agents (see Table I ) were then used for untreated control samples, in which root tips were exposed to redistilled water at different acid pHs (5.2, 5.8, and 6.1), obtained by adding small amounts of HCl to the water. Buffered solutions (pH ¼ 7) of 0.1, 0.2, 0.5, 1, and 2 mg/l of the three disinfectants were also tested. After a 6-hr exposure, the roots were placed in fresh Hoagland's solution and incubated for a further 42 or 66 hr. Ten milligrams per litre of maleic hydrazide (6-hr treatment þ 42-hr recovery time in Hoagland's solution) was used as the positive control. At the end of the recovery time, secondary roots were removed and fixed in acetic acid and ethanol (1:3). Feulgen staining was performed and the cut tips were squashed onto slides. The mitotic index was estimated from 1,000 cells/tip, and the frequency of micronuclei was determined in 5 Â 10 4 cells/sample (mean 6 standard error), by analyzing 5,000 cells/root tip, 2 secondary roots/plant, 5 plants/experimental point (10 root tips/ experimental point, 5 Â 10 4 cells/point). Statistical analysis of the data was carried out by means of the Mann-Whitney test. For comparison between each experimental point and its matched control, each value for treated plants at a particular pH was compared with the closest pH-control value with the same fixation time. The Kruskal-Wallis nonparametric 
Tradescantia Micronucleus Test (Trad/MCN Test)
The assay was carried out using a hybrid of T. hirsutiflora and T. subacaulis (clone 4430) [Ma et al., 1994] . Inflorescences of the hybrid (15 per sample) were immersed directly in redistilled water containing 0.1, 0.2, 0.5, 1, 2, and 10 mg/l of the disinfectants for 6 or 24 hr. An additional set of exposures was conducted with the pHs adjusted to neutrality. After exposure, the inflorescences were maintained in redistilled water for a further 24 or 6 hr of recovery time, respectively. The buds were then fixed for 24 hr in acetic acid and ethanol (1:3) and stored in 70% ethanol. Redistilled water (at both pH 5.8 and 7.0) was used as the negative control. Five milligrams per litre of maleic hydrazide was used as a positive control. Slides were prepared from the buds, and the micronucleus frequency in meiotic pollen mother cells was evaluated [Ma et al., 1994] . Over 1,500 tetrads were scored for each sample. The data were expressed as MCN/100 tetrads (mean 6 standard deviation) and analyzed for significance by ANOVA, followed by Dunnett's test for pair-wise comparisons between the redistilled water control and disinfected water groups.
RESULTS
The results of the Allium cepa tests are shown in Table II -III. Both 0.1 and 0.2 mg/l NaClO increased anaphase aberrations, but only at unadjusted (acid) pH. ClO 2 was positive only at 0.2 mg/l at neutral pH, whereas all the test concentrations of PAA were negative at both pHs. The mitotic indices were consistently above 1%, indicating that treatments produced little toxicity and allowed adequate rates of cellular division. The different kinds of aberrations scored are reported in Table III ; with one exception, no significant induction in the specific types of DNA, and mitotic spindle damage was detected at either pH for any of the disinfectants. Only 0.2 mg/l NaClO treatment at unbuffered (acid) pH produced a statistically significant increase in anaphase aberration induction, according to w 2 test (P < 0.001).
Table IV-V show the results of the experiments carried out on Vicia faba. Mitotic indices ranged from 7.2 6 0.9% to 9.3 6 0.3% (mean 6 standard error) for the treated samples and controls. A statistical analysis of these data (Kruskal-Wallis nonparametric ANOVA) indicated no alterations in the proliferating activity of the roots of the controls and treated groups, at the same pH (data not shown). Micronucleus frequency was increased significantly by all the disinfectants at both fixation times. Under unbuffered (acid pH) conditions, positive responses were found for the entire concentration range tested (0.1-0.5 mg/l) compared with the controls at the closest pH value. At the buffered pH, significant increases in micronucleus frequency were detected only at the two highest test concentrations (1 and 2 mg/l) of NaClO and ClO 2 and at 0.5-2 mg/l of PAA. The micronucleus frequencies observed after the 6-hr exposure and 42-hr recovery time were almost always higher than those detected after the 6-hr exposure and 66-hr recovery time. This time-dependent decrease may be due to the progressive dilution of micronuclei during cell proliferation. Analysis of micronucleus induction in control roots indicated that pH had no significant effect on Vicia faba micronucleus frequency (Table V) . Table VI shows the results of the analyses conducted on the three disinfectants in the Trad/MCN test. NaClO and PAA were consistently negative at the test concentrations. The longest NaClO exposure (24-hr followed by 6-hr recovery time) induced toxic effects at higher doses, 
preventing a complete analysis of the test concentrations. For this reason ClO 2 and PAA doses of 1, 2, and 10 mg/l were not evaluated with a 24-hr exposure. ClO 2 (0.2, 0.5, 1, and 2 mg/l) produced positive responses in the Trad/ MCN test, but mainly after the 6-hr exposure under acid (unbuffered) conditions. Under neutral conditions, only the 24-hr exposure to ClO 2 (0.2 mg/l) increased the frequency of micronuclei. The highest concentrations (10 mg/l) of NaClO at acid pH and ClO 2 at neutral pH produced toxicity in the early tetrads.
DISCUSSION
The results of this study indicate that two widely used drinking water biocides, NaClO and ClO 2 , and a new disinfectant, PAA, have clastogenic/aneugenic activity. In particular, ClO 2 showed at least some positive responses in all the plant tests, and some of the positive responses were at concentrations similar to those typically present in tap water. NaClO was genotoxic in two plant tests, mainly at higher concentrations, and under unbuffered (acid) pH conditions. PAA showed positive responses in only one plant test, and the activity was higher at acid pH.
The three plant tests used to evaluate the disinfectants detect somewhat different genetic endpoints. The Allium cepa test measured the formation of anaphase chromosome aberrations; the tests conducted in Vicia faba and Tradescantia detected DNA damage as micronuclei. These plant tests differed in terms of sensitivity. NaClO and ClO 2 treatments gave positive results with the Allium cepa test only under acid and neutral conditions, respectively, whereas PAA produced no increase in aberrations at either pH. The Vicia faba test was the most sensitive, as it gave positive results with all the disinfectants at most of the test concentrations. This comparative performance among the three plant bioassays confirmed the results found in a previous study on disinfected surface drinking water [Monarca et al., 2003] . Doses as high as 10 mg/l were used in the Trad/MCN test only with the shorter (6 hr) exposure, because initial experiments indicated that 24-hr exposures resulted in toxic effects at higher doses (data not shown). Only ClO 2 -treated water 6 (þ42) hr 6 (þ66) hr 6 (þ42) hr 6 (þ66) hr NaClO 0.1 0.4 6 0.1 0.7 6 0.2 1.8 6 0.5 1.2 6 0.3*** 0.2 0.6 6 0.1 0.8 6 0.2 0.9 6 0.1 1.0 6 0.2 0.5 0.5 6 0.1 0.8 6 0.2 1.7 6 0.6*** 0.8 6 0.1* 1.0 1.3 6 0.2** 1.1 6 0.1* --2.0 2.2 6 0.2*** 1.6 6 0.2*** --ClO 2 0.1 0.5 6 0.1 0.6 6 0.2 1.2 6 0.2 0.8 6 0.2** 0.2 0.6 6 0.2 0.6 6 0.2 2.7 6 0.9*** 1.4 6 0.4*** 0.5 0.5 6 0.1 0.5 6 0.1 4.0 6 0.6*** 1.7 6 0.2 1.0 0.9 6 0.1* 0.8 6 0.1 --2.0 1.3 6 0.2*** 0.8 6 0.1 --PAA 0.1 0.5 6 0.2 0.4 6 0.1 0.7 6 0.2 0.3 6 0.1*** 0.2 0.5 6 0.1 0.5 6 0.1 0.9 6 0.1*** 1.1 6 0.3*** 0.5 1.4 6 0.2** 0.9 6 0.1 5.3 6 1.2*** 2.6 6 0.3 1.0 1.2 6 0.1* 1.0 6 0.2 --2.0 2.0 6 0.1*** 1.6 6 0.1*** --Negative control 0.3 6 0.1 0.4 6 0.1 see Table V see Table V -¼ untested concentration. Positive control: 10 mg/l maleic hydrazide produced 7.5 6 0.8 micronuclei per 1,000 cells. *P < 0.05; **P < 0.01; ***P < 0.001. a Statistical significance (Mann-Whitney test) determined vs. acid-pH matched controls (Table V) . Table IV) pH Exposure time (þ recovery time) 6 (þ42) hr 6 (þ66) hr 5.2 0.6 6 0.1 0.6 6 0.1 5.8 0.6 6 0.1 0.4 6 0.1 6.1 0.3 6 0.1 0.3 6 0.1 gave positive results in this assay, and mainly under acid conditions. At neutral pH, ClO 2 showed positive results both in the Allium cepa test and the Trad/MCN test at a concentration of 0.2 mg/l, a concentration that is often present in tap water to maintain disinfectant activity during water distribution. These results are consistent with those reported by Buschini et al. [2004b] , members of our interuniversity research group, who studied these disinfectants in human leukocytes and Saccharomyces cerevisiae. In the Comet assay, which was more sensitive than the yeast test, all the disinfectants were able to induce genotoxicity: the lowest effective dose for NaClO and PAA was 0.5 mg/l, whereas for ClO 2 , it was 0.2 mg/l. These findings confirm the mutagenicity of NaClO found by Wlodkowki and Rosenkranz [1975] using the Ames test, and the mutagenicity of H 2 O 2 , present at equilibrium in PAA solutions, found by Rueff et al. [1993] . The genotoxicity of ClO 2 , first reported by Buschini et al. [2004b] , was also confirmed in the present study.
All the disinfectants acidified the treatment solutions to varying degrees. The pH of the exposure solutions affected the activity of the disinfectants, especially in the Vicia faba test, in which genotoxic activity was found at lower concentrations of all the three disinfectants at unadjusted (acid) pH than at neutral pH. This did not appear to be due to a direct effect of the acid pH, since pH had no effect on the responses in the untreated controls. The greater genotoxicity of NaClO at acid pH (shown also using Allium cepa) could be due to the higher percentage of undissociated HClO, whereas for PAA it could be due to dissociation products, such as H 2 O 2 . At present, we have no hypotheses as to why this increase occurred for ClO 2 .
As described in the introduction, the genotoxicity of surface water after treatment with the same disinfectants was recently evaluated in situ by means of the Allium cepa, Vicia faba/MN, and Trad/MCN tests [Monarca et al., 2003] . In that study, concentrations of the free disinfectants were very low (< 0.1 mg/l), and pH values were close to neutral. Thus, the results of the present study indicate that the genotoxic activity detected in the treated surface water were most likely due to DBPs generated by interactions between organic compounds present in the surface water and these disinfectants. NaClO and ClO 2 treatments resulted in the formation of several halogen-containing DBPs, whereas none were observed for PAA-treated water [Monarca et al., 2003] .
DBPs were presumably not generated by the disinfectants in redistilled water; therefore, the genotoxic activities detected in this present study may be due to oxidative stress induced by free disinfectants and their dissociation products (e.g., HClO and H 2 O 2 ). Although these responses should be confirmed in other systems, the results of this study indicate that plant tests, especially the Vicia faba test, are capable of detecting the genotoxicity of disinfectants, at concentrations typically present in tap water (e.g., 0.1-0.2 mg/l). The decrease of genotoxic effects observed under neutral vs. acid pH conditions should be taken into account when surface disinfected waters are under study, the pH of which may vary considerably. Since trace amounts of free disinfectants are necessary for preventing waterborne infectious diseases, and are ingested daily by a large number of people, these findings could be relevant to managing human cancer risk.
